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Key message Resilience to xylem embolism and the accumulation of cyclitols are promising criteria for the selection 
of drought-resilient Eucalyptus species.
Abstract Due to the aridity of the climate in the southern Mediterranean region, the choice of suitable species for afforestation 
projects is crucial. The present study aims to compare resilience mechanisms against drought in two frequently used Euca-
lyptus species (E. camaldulensis and E. torquata). Two-year-old self-rooted cuttings of the two species were grown in sand-
filled pots and subjected to a dehydration period followed by rehydration. At regular intervals, water relations, gas exchange, 
chlorophyll fluorescence and xylem embolism were measured on these plants. In addition, carbohydrates and cyclitols were 
quantified in their leaves. The results revealed that E. camaldulensis was more resilient to drought than E. torquata. During 
the dehydration phase, plant water status, cell turgor, net photosynthetic rate (Pn) and photosynthetic machinery integrity 
were less affected in E. camaldulensis than E. torquata. After rehydration, these variables were at levels similar to those of 
control plants in the case of E. camaldulensis, but not in the case of E. torquata. The restoration rate was 96% and 88% for 
predawn leaf water potential (Ψpd), and it was 98% and 77% for Pn in E. camaldulensis and E. torquata, respectively. The 
resilience of E. camaldulensis against drought may be due to the efficiency of two determinant survival mechanisms: osmotic 
adjustment and resistance to xylem embolism. Indeed, E. camaldulensis was less vulnerable to drought-induced xylem 
embolism and more able to repair embolized xylem vessels than E. torquata. Xylem refilling reduced embolism rate (percent 
loss of conductivity) to 15% in E. camaldulensis, compared to 22% in E. torquata. Furthermore, E. camaldulensis was found 
capable of efficient osmotic adjustment than E. torquata by accumulating soluble carbohydrates, especially cyclitols. Indeed, 
under severe drought (Ψpd of − 7 MPa), E. camaldulensis accumulated 9.27 mg  g− 1 DW of quercitol and 3.81 mg  g− 1 DW 
of pinitol; it also had three times more myo-inositol in its leaves than E. torquata. We suggest the use of resilience to xylem 
embolism and the accumulation of cyclitols to screen Eucalyptus germplasm for drought resistance.
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Introduction

In the context of climate change, drought and rising tem-
peratures are becoming a pervasive threat to plant survival, 
especially in arid regions (Correia et al. 2014; Villar et al. 
2011). For instance, in the Mediterranean region, increased 
tree mortality has been attributed to extreme droughts 
(Bréda et al. 2006; Allen et al. 2010; Morales et al. 2013). 
The situation is aggravated by climate change; most models 
predict increased frequency and intensity of drought spells 
in the region (Edenhofer et al. 2014; Hoerling et al. 2012). 
Due to its geographic location, Tunisia is a transitional 
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zone between the dry North African desert climate and 
the humid South European climate. In this Mediterranean 
country, rainfall is highly variable in space and time. Aver-
age annual rainfall ranges between 1500 mm in the north-
west and less than 100 mm in the extreme arid southwest 
(Arnould and Hotyat 2003). This widely variable climate 
pattern affected the distribution of both spontaneous and 
cultivated plant species (El-Euch 2011; Toscano et al. 2019) 
with several indigenous and autochthonous species becom-
ing endangered. Approximately 25% of Tunisia territory is 
affected by desertification (DGF 2007). In response, sev-
eral initiatives were undertaken to protect and restore the 
most threatened regions (Zaafouri 1993; Albouchi et al. 
2000). The annual rate of reforestation averaged 10,000 ha 
between 1962 and 1972, and then increased to approximately 
13,500 ha between 1990 and 2008 (Bousnina et al. 2008; 
Chourabi 2014). Unfortunately, some of these projects failed 
for various reasons, but the principal cause was the lack of 
drought hardiness of used species which failed to adapt to 
the subsequent significant increase in aridity (Lamhamedi 
et al. 2000). Therefore, the success of future afforestation 
projects will depend largely on the careful choice of plant 
species capable of adapting to climatic disturbances. Thus, 
the use of drought-tolerant species, both native and exotic, 
is crucial. Several exotic plant species have been introduced 
in many arid and semi-arid areas of Tunisia. To evaluate 
the adaptation ability of these exotic species, thirty arboreta 
have been created in different climatic regions of the country 
(Poupon 1968). Among the species included in these trials, 
177 Eucalyptus species have been planted in all arboreta 
(Khouja et al. 2001; Dia and Duponnois 2010).

Since 1950, Eucalyptus species were the most widely 
used exotic species for the rehabilitation of affected areas 
in Tunisia (Khouja 1999). Approximately 41,397 ha were 
planted with Eucalyptus species, approximately 6.1% of 
planted land in Tunisia (DGF 2007, 2010). This preference 
for Eucalyptus is principally related to its high drought tol-
erance (Navarrete-Campos et al. 2013). In addition to its 
ecological importance, in southern arid region of Tunisia 
where the present study was realized, Eucalyptus offers sev-
eral economic benefices for the rural population. Eucalyptus 
trees are valuable for beekeeping in the region as their flow-
ers constitute the main feeding source for bees particularly 
during years with low precipitation (Jilani et al. 2008). Euca-
lyptus leaves are also used for the extraction of essential oils 
which is the principle economic activity of many rural com-
munities in the region. Eucalyptus wood is used in the pro-
duction of charcoal for the local market and in shipbuilding.

The phenotypic plasticity of Eucalyptus species under 
drought conditions has been extensively studied (White et al. 
2000; Merchant et al. 2007; Mokotedi 2010; Warren et al. 
2011). In contrast, there are very few studies which looked 
into recuperation after drought episodes and the interlinked 

physiological and biochemical responses of the species 
to the stress. In arid and semi-arid zones of Tunisia, tree 
species used for rehabilitation of degraded ecosystems are 
characterized by drought resilience (drought resistance and 
recovery). Under such ecological conditions, it is important 
to use suitable species because ecosystem restoration is time 
consuming and costly. Therefore, it is crucial to choose reli-
able selection criteria of resilience against drought when 
screening tree germplasm.

Water stress commonly inflicts various perturbations on 
the primary as well secondary metabolisms of plants. First, 
it affects water relations and gas exchanges; then when it 
becomes more severe, the functional and structural integri-
ties of many tissues and cell components might be compro-
mised. Indeed, at leaf level, severe dehydration coupled with 
high light intensities causes over-excitation of photosyn-
thetic pigment antennas leading to the production of reactive 
oxygen species (ROS) (Smirnoff 1993). ROS cause oxidative 
damages to the photosynthetic machinery and other vital cell 
macromolecules (Maxwell and Johnson 2000; Lawlor and 
Cornic 2002; Peltzer et al. 2002). In addition, severe drought 
increases tension of xylem sap leading to embolism when 
a specific threshold is reached (Tyree and Zimmermann 
2002; Sevanto 2018). The dysfunction of xylem vessels 
results in the death of some parts or the whole tree (Cochard 
and Granier 1999; Brodersen and McElrone 2013). As an 
early response to water deficit, plants close their stomata; 
this reduces water loss by transpiration and prevents or at 
least delays xylem water potential from decreasing to levels 
which induce cavitation (Ennajeh et al. 2008). Thus, stomata 
play the role of safety valves for the xylem system. The sec-
ond efficient defense mechanism against drought is osmotic 
adjustment, considered one of the most common responses 
of plants to water deficit (Morgan 1984). It is accomplished 
by the accumulation of various ‘compatible solutes’. Carbo-
hydrates are among the most and first accumulated solutes 
in leaves under drought (Ennajeh et al. 2006). In addition 
to being the source of energy and carbon for plant growth 
and development, many soluble sugars (sucrose, glucose and 
fructose) play also a key role in the response to water deficit 
(Chaves et al. 2003). First, they improve the water status of 
the plant by osmoregulation when water stress is moder-
ate; then when the stress becomes severe, they participate 
in osmoprotection of the cells (Bohnert et al. 1995; Zhu 
2001; Chaves et al. 2003). Additionally, several cyclitols 
(myo-inositol, quercitol, pinitol) are also considered ‘com-
patible solutes’ and possess other properties which contrib-
ute to drought tolerance Eucalyptus species (Merchant et al. 
2006). Because of their hydroxyl groups, they may mimic 
the structure of water and maintain the structural integrity 
of membranes and macromolecules (Schobert 1977). They 
have antioxidant capacity by acting as scavengers of ROS 
thus preventing peroxydation of membrane lipids (Popp 
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et al. 1997; Orthen and Popp 2000). They are involved also 
in signal transduction, membrane biogenesis and phosphate 
storage (Merchant et al. 2010). In several Eucalyptus spe-
cies, mannitol, pinitol and quercitol accumulate in the leaves 
and roots under drought (Merchant et al. 2006; Warren et al. 
2011). Despite the high interest in cyclitols in Eucalyptus, 
they have not been used in the selection of drought-resistant 
plant.

Eucalypts are well renowned for their tolerance of arid-
ity, but they still exhibit significant inter- and intra-specific 
variability for this character (Merchant et al. 2006; Shva-
leva et al. 2006; Merchant et al. 2010; Warren et al. 2011). 
Because Eucalyptus is often used for afforestation and 
reforestation projects in affected arid regions of Tunisia, it 
is essential to select the most drought-resilient species. This 
work came about in the general context of reevaluating and 
adjusting the list of plant species recommended for foresta-
tion projects which was established back in the 1950s.

The main objective of the present study was to compare 
the resistance to severe water deficit and the capacity to 
recover (restoration) after rehydration of two of the most 
widely used Eucalyptus species in Tunisia, i.e. E. camaldu-
lensis and E. torquata. We explored the key defense mecha-
nisms against drought which distinguish the two species. 
The underlying objective was to identify reliable selection 
criteria of resilience to drought in Eucalyptus species.

Materials and methods

Plant material and treatments

Two-year-old rooted cuttings (clones) of Eucalyptus cama-
ldulensis and Eucalyptus torquata (Coral Gum), compara-
ble in size (1 m in height), were used in this study. They 
were provided by the Nursery of Zerkine (Gabes, Tunisia). 
The plant material was obtained from mother trees in the 
nursery’s collection. For each species, 21 trees were indi-
vidually transplanted into 17-L pots filled with a sandy soil 
(12% coarse sand, 22% middle sand, 51% fine sand and 15% 
silt). The pots were covered with plastic film and aluminum 
foil to reduce evaporation from the soil surface and to mini-
mize solar heating. The experiment was conducted outdoors 
on the campus of the Faculty of Science of Gabes (Gabes, 
Southern Tunisia: 33° 50′ N, 10° 5′ E) during the period 
September to November 2015. The temperature ranged from 
23 to 30 °C and air humidity ranged from 50 to 60%.

After their transplantation in pots, the plants were 
watered to field capacity daily for 1 month. After this initial 
period of acclimatization, a drought treatment was imposed 
by suspending watering. This suspension was maintained 
until plants of both species exhibited a predawn leaf water 
potential (Ψpd) around − 7 MPa. This severe water stress 

level was reached after 45 days. Thereafter, three severely 
water-stressed plants from each species were rehydrated by 
daily watering for 30 days (rehydration phase).

Water relations, gas exchanges and leaf fluorescence vari-
ables were measured at regular 9-day intervals during the 
dehydration period (45 days) and at the end of the rehydra-
tion phase (after 30 days of watering) on three randomly 
selected plants per species. The measurements were carried 
out between 09:30 and 11:00 h. After measuring these eco-
physiological parameters, stem samples were collected on 
the same plants to determine xylem embolism rate. A rea-
sonable mass of leaves and roots were harvested separately, 
frozen in liquid nitrogen, and stored in a freezer (– 30 °C) 
for biochemical analyses.

Plant water status

Plant water status was evaluated by measuring Ψpd and 
minimum midday xylem water potential (Ψxylem). Ψpd was 
measured during early morning hours before sunrise on indi-
vidual leaves, while Ψxylem was determined by the covered-
leaf technique. The leaves were enclosed in aluminum foil 
bags for at least 2 h before doing the measurements so to 
prevent leaf water loss and thus allow leaf and xylem water 
potentials to equilibrate. Ψpd and Ψxylem were measured using 
a Scholander pressure chamber (PMS Instrument Company, 
Albany, OR, USA) (Scholander et al. 1965). In addition, the 
osmotic potential (Ψs) and turgor potential (Ψp) were deter-
mined on the same leaves used for Ψpd measurement. The Ψs 
was measured according to the method of Nobel (1991). To 
obtain cell contents, discs of 0.5 cm diameter obtained from 
fresh leaves were enclosed in a 0.5-ml Eppendorf tube per-
forated at its base. The tube was immerged in liquid nitrogen 
for a few seconds then removed and left to thaw for 5 min; 
three freeze–thaw cycles were performed on each sample. 
The perforated Eppendorf was then placed in another larger 
(2 ml) non-perforated tube which was centrifuged at 8000×g 
for 5 min at a temperature of 4 °C. The exudates from the 
discs were collected in the larger tube. Ψs of the exudates 
was measured using an osmometer (WESCOR, VAPRO 
model 5600, UT, USA).

The Ψp was calculated as the difference between predawn 
water potential and osmotic potential:

Gas exchanges

Net photosynthetic assimilation rate (Pn, µmol  m− 2 s− 1) and 
stomatal conductance (gs, mol  m− 2 s− 1) were measured on 
mature leaves using CI-340 portable photosynthesis system 
(ADC BioScientific Ltd, Hoddesdon, UK). Measurements 

Ψp = Ψpd − Ψs
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were taken at ambient conditions between 0930 and 1030 h 
under fully saturating light conditions with temperatures 
between 20 and 30 °C. The measurements were repeated 
three times for each of three leaves per plant. A total of three 
plants per treatment were used each time.

Chlorophyll fluorescence

Chlorophyll fluorescence was measured right after gas 
exchange measurements between 1030 and 1100 h with a 
portable fluorometer OS1-FL (Opti-Sciences, Hudson, NH, 
USA). The measurements were performed on dark-accli-
mated leaves. These leaves were adapted to darkness for at 
least 20 min (Genty et al. 1989) using light exclusion clips 
(FL-DC, Opti-Sciences, Hudson, NH, USA). We measured 
minimum (F0) and maximum (Fm) chlorophyll fluorescence 
of dark-adapted leaves. These chlorophyll fluorescence 
yields were used to calculate maximum quantum efficiency 
of photosystem II (PSII):

 (Maxwell and Johnson 2000).

Xylem embolism

The relative changes in xylem conductivity between native 
and water-saturated states were used as proxies for vulnera-
bility to drought-induced xylem embolism inferred from the 
percent loss of conductivity (PLC) after removal of xylem 
embolism by repeated high-pressure flushes. To measure 
xylem hydraulic conductivity, the stem of each plant was 
excised under water to prevent air embolism induction at the 
time of sample collection. Samples were immediately placed 
in black plastic bags with humidified papers to prevent water 
loss by transpiration before xylem hydraulic conductivity 
(K) measurements. During each interval of the experiment, 
K was measured in stem samples according to the method 
described by Sperry et al. (1988). The technique involves 
measuring the hydraulic conductivity of 3-cm-long stem 
segments before (K initial, Ki) and after (K maximum, Km) 
water refilling. Stem segments were excised under water to 
prevent any practice-induced cavitation. Their cut-ends were 
re-cut with a sharp razor blade. One of the cut ends was 
then attached to the hydraulic apparatus. Flow rates were 
measured with an analytical balance (± 0.1 mg) interfaced 
to a computer. The measurement solution was 20 mM KCL 
and 1 mM  CaCl2 in ultrapure water. The measurement deliv-
ery pressure was about 6 KPa. The solution flowed from 
a beaker sitting on the balance trough the stem segment, 
which was kept under water during the measurements. We 
measured Ki at low pressure (6 kPa) so that no-technical 
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m
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artifacts may arise because this pressure is not enough to 
blow air bubbles out of open vessels in 3-cm-long stem seg-
ments. Therefore, Ki would not be over-estimated and PLC 
would not be under-estimated. To measure Km, air obstruct-
ing stem xylem vessels was removed by applying a series of 
10-s hydraulic pressure flushes (0.2 MPa) until measured 
values of Km remained constant between flushes. Ki and Km 
were used to calculate the percent loss of hydraulic conduc-
tivity (PLC) as

Xylem embolism in the stem was quantified by the PLC. 
Embolism vulnerability curves (VCs) were constructed by 
plotting the PLC values against Ψxylem (SigmaPlot10; Sig-
moidal, Sigmoid, 3 Parameter). The value of PLC, due to 
the air blockage, is an indirect estimate of the percentage of 
embolized vessels (Cochard et al. 2000).

Contents of carbohydrates and cyclitols

Because of their key role in plant response to drought, total 
soluble sugars, glucose, fructose, myo-inositol, quercitol and 
pinitol were quantified in the leaves of both studied Euca-
lyptus species. Total soluble sugars content was determined 
using the phenol–sulfuric acid method (Robyt and White 
1987). For their extraction, 0.2 g samples of liquid nitrogen 
frozen and powdered leaves were mixed with 5 ml of 80% 
methanol. The homogenate was heated in a water bath at 
70 °C for 30 min. 1 ml of the extract was added to 1 ml of 
5% phenol (v/v) and 5 ml of concentrated sulfuric acid. After 
agitation and cooling, the absorbance (Do) was measured 
at a 640 nm wavelength. The concentration of total soluble 
sugars was determined by reference to a standard curve pre-
pared using glucose solutions ranging in concentration from 
0.05 to 0.3 mg  ml− 1.

Glucose, fructose, myo-inositol, quercitol and pinitol 
were quantified according to the method of Moing et al. 
(1992). They were extracted from 30 mg powdered dry 
leaves mixed with 80% ethanol and heated to 80 °C for 
30 min in a thermostatic bath. Then the mixture was cen-
trifuged at 1000×g for 10 min. The supernatant was recu-
perated. The pellet of the same sample was subjected to a 
second extraction with 80% ethanol and a third one with 
50% ethanol. The three supernatants containing carbohy-
drates and cyclitols were filtered through 0.22-µm-porosity 
filter. The filtrate was dried with a Speed Vacuum Concen-
trator (Speed-Vac Plus SC110A, Thermo Savant, Holbrook, 
NY, USA). The resulted residue was solubilised in 1 ml of 
ultra-pure water in an ultrasonic bath (Bioblock Scientific, 
Germany) for 15 min. Aliquots of the extract were analyzed 
with a High Performance Liquid Chromatograph (HPLC, 

PLC(%) =
(Km − Ki)

Km
× 100
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817 BIOSCAN, METROHM, Herisau, Switzerland) using 
a Metrosep Carb 2 250/4.0 (Herisau, Switzerland) column. 
The mobile phase, NaOH 0.2 N, was pumped at a flow rate 
of 0.6 ml  min− 1. The temperature was adjusted to 37 °C. 
Quantification of carbohydrates and cyclitols was made by 
comparison with external respective standards.

Statistical analysis

The experiment was arranged as a Completely Randomized 
Design with three replicates. All values of variables are the 
means of at least three replicates ± SE. The data were sub-
jected to a statistical analysis of variance (ANOVA) using 
GLM procedure of SAS software (SAS Institute 1999) with 
a level of significance P < 0.05.

Results

Plant water relations

The Ψpd of well-watered plants was high at − 1 MPa and 
− 0.7 MPa for E. torquata and E. camaldulensis, respectively 
(Fig. 1). Withholding irrigation affected plant water status 
for both species. The decline of Ψpd was similar for the two 
species when water deficit was moderate. However, when the 
deficit became severe after 28 days of drought treatment, Ψpd 
of E. camaldulensis became more negative (− 5.5 MPa) than 
that of E. torquata (− 4.9 MPa). This difference between 
the two species increased after 45 days of no-irrigation; Ψpd 
was − 7.8 MPa and − 7.1 MPa in E. camaldulensis and E. 
torquata, respectively. Restoring irrigation (rehydration) 

allowed the plants of both species to regain their pre-stress 
Ψpd levels. However, the restoration rate was better in E. 
camaldulensis than E. torquata (96% vs. 88%).

Plotting Ψs as a function of Ψpd shows that, when water 
was available, both Eucalyptus species had similarly high 
Ψs of about − 1.8 MPa (Fig. 2a). However, when water 
became deficient, Ψs decreased significantly (P = 0.0001). 
This reduction was rapid and more acute in E. camaldulensis 
than in E. torquata (P = 0.03). After resuming watering, Ψs 
of both Eucalyptus species regained its pre-stress values.

Water deficit caused Ψp to decrease in both Eucalyptus 
species (Fig. 2b) albeit more so E. torquata (P = 0.005). 
Indeed, under water stress conditions, the decrease of Ψp 
was rapid and acute in E. torquata, but slight and progres-
sive in E. camaldulensis. Cell turgor loss occurred at Ψpd 
of − 2 MPa in E. torquata but only starting from − 4 MPa in 
E. camaldulensis. After 1 month of rehydration, cell turgor 
was restored in both species but more so in E. camaldulensis 
(0.8 MPa) than in E. torquata (0.4 MPa).

Fig. 1  Variation of predawn leaf water potential (Ψpd) as a function 
of time (days) in two Eucalyptus species (E. camaldulensis and E. 
torquata) subjected to dehydration period followed by rehydration 
(Reh). Each point is the average of three replicates and the vertical 
bars indicate SE

Fig. 2  Variation of a  osmotic potential (Ψs) and b  turgor potential 
(Ψp) as a function of predawn leaf water potential (Ψpd) in two Euca-
lyptus species (E. camaldulensis and E. torquata) subjected to dehy-
dration period followed by rehydration (Reh). Each point is the aver-
age of three replicates and the vertical bars indicate SE
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Stomatal behavior

Changes in leaf gs according to plant water status showed 
a contrasted behavior between the two studied Eucalyptus 
(Fig. 3). Water deficit caused gs to drop in E. torquata plants 
even earlier (at lower stress intensity); whereas E. cama-
ldulensis maintained relatively high gs (0.222 mol  m− 2 s− 1) 
until Ψpd of about − 5.5 MPa. The tight closure of stomata 
was observed starting from − 3.5 MPa in E. torquata but 
only at − 7 MPa in E. camaldulensis. After rehydration 
phase, both species regained their pre-stress gs levels.

Photosynthesis and chlorophyll fluorescence

The two species differed in their photosynthetic response 
to water availability (Fig. 4). When leaf tissues were well 
hydrated (Ψpd ≈ − 1 MPa), plants of both species had high 
photosynthetic assimilation rates although E. camaldulen-
sis exhibited higher Pn values than E. torquata (15.2 µmol 
 m− 2 s − 1 vs. 11.4 µmol  m− 2 s− 1, respectively). Under the 
water deficit regime, Pn decreased significantly in both plant 
species. However, it is worth noticing that for the same leaf 
water status (Ψpd), Pn of E. camaldulensis was higher than 
that of E. torquata throughout the whole range of Ψpd. For 
instance, when water deficit became severe (Ψpd < − 5 MPa), 
Pn of E. torquata was less than 2 µmol  m− 2 s− 1, whereas Pn 
of E. camaldulensis was more than 6 µmol  m− 2 s− 1. After 30 
days of rehydration, E. camaldulensis regained its pre-stress 
Pn values. While Pn of E. torquata plants was about 77% of 
its pre-stress level.

When water deficit was low or moderate (Ψpd between 
− 1 and − 3.5 MPa), the F0 values of dark-adapted leaves 

of the two Eucalyptus species were not significantly differ-
ent (P = 0.323); they were stable and low compared to val-
ues of recorded for severely water-stressed plants (Fig. 5a). 
However, when drought stress intensified, the two spe-
cies behaved differently. Indeed, F0 of E. torquata leaves 
increased (P = 0.013) relative to levels recorded when Ψpd 
was more than − 3.5 MPa; but it remained unchanged for 
lower Ψpd levels in E. camaldulensis. Significant difference 
in F0 between the two species appeared for Ψpd less than 
− 5.5 MPa; E. camaldulensis showed lower F0 values than 
E. torquata.

In well-watered plants, Fm was high, but it was more so 
in E. camaldulensis than in E. torquata (Fig. 5b). Water 
deficit appeared to reduce Fm especially in the latter spe-
cies. In fact, for the same Ψpd value, E. torquata showed 
lower Fm values than E. camaldulensis.

The ratio FV/Fm was modulated by both plant water 
status and genotype (Fig.  5c). When leaves were well 
hydrated, FV/Fm was high in both Eucalyptus species, 
but it was higher in E. camaldulensis than in E. torquata. 
FV/Fm decreased as water stress intensified. However, E. 
camaldulensis maintained a higher FV/Fm (0.71) compared 
to E. torquata (0.63) for the same leaf tissue hydration 
until a Ψpd of − 4 MPa. Under severe drought conditions, 
both Eucalyptus species exhibited similarly low FV/Fm 
values.

After 30 days of re-watering, both species regained 
pre-stress levels of all measured fluorescence variables 
(Fig.  5). This could indicate the restoration of struc-
tural and functional integrity of their photosynthetic 
machineries.

Fig. 3  Variation of stomatal conductance (gs, mol  m− 2 s− 1) as a func-
tion of predawn leaf water potential (Ψpd) in two Eucalyptus species 
(E. camaldulensis and E. torquata) subjected to dehydration period 
followed by rehydration (Reh). Each point is the average of 27 meas-
urements and the vertical bars indicate SE

Fig. 4  Variation of net photosynthetic rate (Pn, µmol  m− 2  s− 1) as a 
function of predawn leaf water potential (Ψpd) in two Eucalyptus 
species (E. camaldulensis and E. torquata) subjected to dehydration 
period followed by rehydration (Reh). Each point is the average of 27 
measurements and the vertical bars indicate SE
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Xylem embolism

Curves of vulnerability to xylem embolism show inter-
specific differences between the two genotypes (Fig. 6). E. 
camaldulensis was less vulnerable to xylem cavitation than 
E. torquata. The value of Ψxylem which induced 50% PLC 
(Ψ50) was − 5.5 MPa in E. camaldulensis and − 4.6 MPa 
in E. torquata. After 30 days of rehydration, the level of 

xylem embolism decreased in both species, but more 
acutely in E. camaldulensis (PLC = 15%) than in E. torquata 
(PLC = 22%). This indicates the higher ability of E. cama-
ldulensis to restore its xylem conductivity.

Changes in the concentrations of carbohydrates 
and cyclitols

The accumulation of total soluble sugars in the leaves of 
well-watered and moderately dehydrated plants showed sim-
ilar trends for both species (Fig. 7a). Indeed, at field capac-
ity, leaf soluble sugar content was low (28 mg  g− 1 FW). 
As drought stress intensified, these osmotica accumulated 
strongly in both species until Ψpd of − 5 MPa. At more nega-
tive Ψpd values, the accumulation of soluble sugars differed 
between the two species. In E. camaldulensis, total soluble 
sugars content continued to increase until reaching 270 mg 
 g− 1 FW at the lowest measured Ψpd of − 7.8 MPa, whereas 
in E. torquata, total soluble sugar content peaked at Ψpd of 
− 4.9 MPa then decline rapidly at lower Ψpd until reaching 
130 mg  g− 1 FW at Ψpd of − 7.1 MPa. After rehydration, 
leaf total soluble sugar content regained pre-stress level in 
E. camaldulensis, but it was higher in rehydrated plants of 
E. torquata than in unstressed ones.

As for glucose and fructose, their accumulation depended 
on water treatment and genotype (Fig. 7b, c). E. torquata 
consistently accumulated less glucose and fructose than E. 
camaldulensis. Unstressed and moderately stressed plants 
of E. torquata were low in glucose and fructose; as water 
deficit intensified, these sugars accumulated progressively 
to reach 18.7 mg  g− 1 FW and 24 mg  g− 1 FW, respectively, 

Fig. 5  Variation of a minimum chlorophyll fluorescence (F0), b max-
imum chlorophyll fluorescence (Fm) and c  maximum quantum effi-
ciency of PSII (FV/Fm) as a function of predawn leaf water potential 
(Ψpd) in two Eucalyptus species (E. camaldulensis and E. torquata) 
subjected to dehydration period followed by rehydration (Reh). Each 
point is the average of nine measurements and the vertical bars indi-
cate SE

Fig. 6  Vulnerability curves to drought-induced xylem embolism and 
percent loss of xylem conductivity (PLC) after rehydration (Reh) in 
two Eucalyptus species (E. camaldulensis and E. torquata). Rows 
indicate minimum midday xylem water potential (Ψ50) inducing 50% 
of PLC. Each point is the average of at least three replicates and the 
vertical bars indicate SE
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whereas in E. camaldulensis, glucose and fructose accumu-
lated differently according to water stress intensity. Indeed, 
glucose content was strongly enhanced as Ψpd decreased. At 
the end of the drought treatment, it was four times its initial 
level. Whereas fructose concentration peaked at 51.19 mg 
 g− 1 FW when Ψpd was − 5.5 MPa, below this water potential, 
fructose content declined sharply. Rehydrated plants of E. 
camaldulensis accumulated fructose and glucose similar to 

well-watered plants. However, in E. torquata, the concentra-
tions of the two sugars were higher after rehydration than 
during the acclimation phase. For instance, glucose content 
of rehydrated plants was two times that of control unstressed 
plants.

Figure 8 represents the accumulation over time of three 
cyclitols (pinitol, myo-inositol and quercitol) in the leaves 
of the two Eucalyptus species. The concentration differed 

Fig. 7  Variation of a  total soluble sugars content, b glucose content 
and c  fructose content as a function of predawn leaf water potential 
(Ψpd) in leaves of two Eucalyptus species (E. camaldulensis and E. 
torquata) subjected to dehydration period followed by rehydration 
(Reh). Each point is the average of three replicates and the vertical 
bars indicate SE

Fig. 8  Variation of contents of three cyclitols: a  pinitol, b myo-ino-
sitol and c  quercitol as a function of predawn leaf water potential 
(Ψpd) in leaves of two Eucalyptus species (E. camaldulensis and E. 
torquata) subjected to dehydration period followed by rehydration 
(Reh). Each point is the average of three replicates and the vertical 
bars indicate SE
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among compounds, species and stress intensity. E. cama-
ldulensis plants accumulated more cyclitols in their leaves 
than E. torquata. Indeed, in unstressed plants, pinitol con-
tent in E. camaldulensis was four times more than in E. 
torquata (Fig. 8a). Under drought conditions, it accumu-
lated progressively in the first species as stress intensi-
fied, whereas it remained low in the second one. Leaves 
of rehydrated plants of both species contained low quanti-
ties of pinitol. The myo-inositol concentration showed a 
similar trend to pinitol. It was greater in E. camaldulen-
sis compared to E. torquata throughout the whole range 
of Ψpd values (Fig. 8b). In addition, it accumulated in 
E. camaldulensis leaves as water deficit intensified but 
remained unchanged in the leaves of E. torquata. Finally, 
there was significant inter-specific difference in quercitol 
concentration (Fig. 8c). Indeed, E. torquata plants did not 
accumulate this cyclitol in their leaves, whereas E. cama-
ldulensis plants accumulated large quantities of querci-
tol especially under severe drought (from Ψpd lower than 
− 5.5 MPa). The concentration was 12 mg  g− 1 DW at Ψpd 
of − 7.8 MPa in the severely water-stressed plants. After 
rehydration, this concentration decreased to levels found 
in well-hydrated unstressed plants.

Discussion

Water scarcity is one of the most limiting factors to Euca-
lyptus growth in xeric environments (Bachelard 1985; Stape 
et al. 2004). The ability of Eucalyptus species to cope with 
water stress depends on their genotype (Warren et al. 2011; 
2012). Biochemical and physiological mechanisms involved 
in tree survival during severe dehydration and those impli-
cated in recovery during rehydration are crucial for resil-
ience to acute drought. The results of our study revealed 
inter-species differences in the response to severe water defi-
cit in Eucalyptus. It appears that E. camaldulensis was more 
resilient to drought than E. torquata; its water status, cell 
turgor, photosynthetic activity and cell membrane integrity 
were less affected by desiccation than those of E. torquata. 
After rehydration, all these variables were totally restored 
to pre-stress levels in E. camaldulensis, but only partially in 
E. torquata. Furthermore, the former species accomplished 
efficient osmotic adjustment and good resilience to xylem 
embolism. It accumulated large quantities of soluble carbo-
hydrates and especially cyclitols and exhibited less vulner-
ability to drought-induced xylem embolism and higher abil-
ity of xylem refilling than E. torquata. Osmotic adjustment 
is critical for both plant growth and survival (Blum, 2017) 
whereas resistance to xylem embolism is key to survival in 
environments afflicted by drought and salinity (Hacke and 
Sperry 2003).

Plant hydration and integrity of photosynthetic 
machinery

Susceptibility to drought depends on both stress intensity 
and the plant’s genetic makeup (Demirevska et al. 2009). 
Our results show different responses to water deficit 
between the two Eucalyptus species (E. camaldulensis, 
E. torquata). These differences were apparent during the 
time of exposure to water deficit as well as during the res-
toration phase after resuming irrigation. To be sure water 
deficit severely afflicted the water status of plants of both 
Eucalyptus species. This is an expected effect of drought 
on most woody species such as olive tree (Tognetti et al. 
1999; Merchant et al. 2006; Ennajeh et al. 2008), Eucalyp-
tus globulus (Guarnaschelli et al. 2003) and Acacia tortilis 
(El-Atta et al. 2012). However, in our study, a significant 
difference appeared between the two studied Eucalyp-
tuses as Ψpd decreased more in E. camaldulensis than in 
E. torquata. This strong reduction of Ψpd in E. camaldulen-
sis suggests that it is more resistance to drought rather than 
sensitive since it maintained higher cell turgor. In fact, the 
sharper decline of Ψpd of E. camaldulensis was not due 
to a decrease of Ψp, instead it was caused by a stronger 
decline of Ψs compared to the values measured in E. 
torquata. Indeed, the former species was more efficient at 
osmoregulation by accumulating various osmotica. Several 
studies demonstrated that osmotic adjustment is a com-
mon response to water deficit within the genus Eucalyptus 
(Lemcoff et al. 2002; Guarnaschelli et al. 2003; Aranda 
et al. 2005; Merchant et al. 2006; Merchant et al. 2007). 
Similar to what we found in the present study, E. dumosa 
and E. pauciflora, were reported to respond to severe water 
stress by accumulating osmotically active solutes in their 
leaves and keeping their Ψs low (Warren et al. 2012).

Perturbations in plant–water relations commonly have 
direct repercussions on other vital physiological processes 
in the plant like gas exchanges especially photosynthetic 
activity (Chaves 1991; Sapeta et al. 2013). Hu et al. (2012) 
noticed that Pn in E. grandis leaves decreased after 6 days 
without watering. In the present study, water deficit caused 
Pn to decrease in both species, but E. camaldulensis main-
tained a higher Pn than E. torquata throughout the full range 
of Ψpd. In E. camaldulensis, the delayed closure of stomata 
appears to have helped maintain Pn. Generally, factors caus-
ing Pn decrease could be stomatal or no stomatal. Stomatal 
regulation is one of the earliest responses to water deficit 
to prevent water loss albeit at the expense of  CO2 diffu-
sion which indirectly encourages photorespiration which 
reverses photosynthetic assimilation and may damage thyla-
koid membranes (Pinheiro and Chaves 2010; Samarah et al. 
2009). Therefore, the analysis of chlorophyll fluorescence 
provides an accurate characterization of the plant’s response 
to water deficit (Percival and Sheriffs 2002).
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The two studied Eucalyptus species showed an 
increase in F0 and a decrease in Fm and Fv/Fm as Ψpd 
fell. These trends appeared earlier (at higher Ψpd values) 
in E. torquata. than in E. camaldulensis. When a tree is 
subjected to severe water deficit, no-stomatal factors are 
responsible for the decrease in photosynthetic activity and 
a light-dependent inactivation of PSII photochemistry can 
occur. This was observed in Eucalyptus (Lawlor and Cor-
nic 2002; Lima et al. 2003). Similar results were reported 
in several perennial plants including Eucalyptus (Lima 
et al. 2003), Casuarina equisetifolia (Sánchez-Rodriguez 
et al. 1997), Quercus pubescens (Gallé et al. 2007) and 
olive (Ennajeh et  al. 2009). In this study, the highest 
F0 was recorded in E. torquata which indicates greater 
destruction of PSII reaction centers due to dehydration 
compared to E. camaldulensis. Furthermore, values of 
Fv/Fm below 0.8 are usually interpreted as an indication 
of photoinhibitory stress (Maxwell and Johnson 2000). 
In our study, photo-inhibition was more pronounced and 
occurred earlier in E. torquata than in E. camaldulensis.

Variability in vulnerability to xylem embolism

Efficient hydraulics of the xylem sustain and improve 
water transport in the whole plant, thus allowing to main-
tain plant turgor, growth and to improve survival. Photo-
synthetic capacity is highly correlated with the hydraulic 
supply of water to the leaves. Therefore, drought-induced 
xylem embolism can affect photosynthesis (Martorell 
et al. 2013). Hydraulic failure was found to be the pri-
mary mechanism of leaf and branch dieback in Eucalyp-
tus piperita in response to natural drought events in the 
field (Li et al. 2018). Our results show that both Euca-
lyptus species understudy were noticeably resistant to 
xylem embolism having Ψ50 values more negative than 
− 4.5 MPa. Nevertheless, E. camaldulensis was less vul-
nerable to xylem embolism than E. torquata since it had 
a Ψ50 of − 5.4 MPa; this value is lower than what was 
previously reported for the same species (− 4.3 MPa) 
(Nolf et al. 2017). The disparity could be due to different 
clones or ecotypes may have been used in the two studies. 
Generally, the response to drought-induced xylem embo-
lism depends on various defense mechanisms. It may be 
influenced by anatomical traits of the wood as well as by 
several physiological mechanisms like stomatal closure 
and the accumulation of osmotic metabolites (Brodersen 
and McElrone 2013; Jacobsen et al. 2018). Several plant 
species increase the retention of water in their tissues 
and their capacity to extract soil moisture by actively 
increasing the concentration of their xylem sap (Ewers 
et al. 2001; Hacke and Sperry 2003).

Stomatal functioning correlated 
with photosynthesis but not with xylem cavitation

In the present study, gs appears well correlated with Pn. 
In fact, gs was high in E. camaldulensis when Pn was also 
high but it was weak in E. torquata allowing to low Pn spe-
cifically when water deficit was intensified. High stomatal 
conductance in E. camaldulensis leaves may be related to 
high cell turgor made possible by enhanced osmoregula-
tion as indicated by low Ψs. Early closure of stomata is an 
efficient mechanism to prevent xylem embolism induction 
(Ennajeh et al. 2008; Sevanto 2018). In the present study, 
despite the early closure of its stomata, E. torquata was more 
vulnerable to xylem embolism than E. camaldulensis. Early 
stomatal closure does not completely eliminate supplemen-
tary embolism (Brodribb et al. 2016; Hochberg et al. 2017). 
It was demonstrated in several species that water potential 
thresholds for stomata closure are not correlated to embo-
lism induction (Martin-StPaul et al. 2017). E. camaldulensis 
plants maintained their stomata open even at fairly low water 
potentials. Therefore, the resistance of E. camaldulensis to 
xylem cavitation was not related to stomatal behavior but to 
other defense mechanisms.

Involvement of carbohydrates and cyclitols 
in Eucalyptus survival

To alleviate the negative consequences of water deprivation, 
Eucalyptus plants have developed biochemical responses by 
accumulating compatible organic compounds (Pita and Par-
dos 2001; Guarnaschelli et al. 2003; Cha-um and Kirdmanee 
2010). Carbohydrates dominate leaf metabolite profile of 
Eucalyptus from dry areas (Warren et al. 2011). These have 
an important role in osmoregulation to maintain cell turgor, 
and in osmoprotection of vital cell constituents (Chaves et al. 
2003; Vendruscolo et al. 2007; Anjum et al. 2011; Chen 
et al. 2011). The present study shows that moderate scar-
city of water enhanced the accumulation of total soluble 
sugars in the leaves of E. camaldulensis and E. torquata. 
Our findings were consistent with the results reported by 
Shvaleva et al. (2006) which show a large accumulation of 
soluble sugars in the leaves of Eucalyptus globulus clones 
under water stress conditions. However, under severe water 
stress, E. camaldulensis and E. torquata behaved differ-
ently. The former continued to accumulate soluble sugars, 
whereas the latter reduced sharply the concentration of sug-
ars in its leaves. It seems that soluble sugars were involved 
in osmoregulation and osmoprotection in E. camaldulensis, 
but only in osmoregulation in E. torquata. The inter-specific 
variability in the response to drought in Eucalyptus was 
highly correlated to differences in carbohydrates metabo-
lism (Warren et al. 2011). Our results show that glucose 
and fructose were the main soluble sugars accumulated by 
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E. camaldulensis under drought stress, but they were much 
less abundant in E. torquata. In addition, cyclitols are key 
compatible solutes accumulated in plants in response to 
drought (Arndt et al. 2004; Merchant et al. 2006). Myo-
inositol may act as a precursor for a number of secondary 
messengers (Al-Suod et al. 2017). For instance, quercitol is 
highly accumulated in water-stressed Eucalyptus trees where 
it contributes to osmotic adjustment (Merchant et al. 2010). 
Our study revealed some disparities between the two stud-
ied species regarding the concentration of cyclitols in their 
leaves. In fact, as water stress intensified, E. camaldulensis 
accumulated myo-inositol, pinitol and quercitol, whereas E. 
torquata held the concentrations of these compounds steady. 
This may partially explain the fitness of E. camaldulensis. 
Merchant et al. (2010) demonstrated that quercitol accumu-
lated differently in Eucalyptus species; it was abundant in 
some but not in others. Eucalyptus species from xeric eco-
systems accumulate more quercitol than those from mesic 
ecosystems when they are exposed to drought (Merchant 
et al. 2006).

Recovery after severe dehydration

In woody species, the ability of recover after episodes of 
water shortage is equally important as the ability to with-
stand the stress itself. After re-watering, the two studied spe-
cies regained their pre-stress water status (Ψpd and Ψp) with 
slight advantage for E. camaldulensis. A complete recovery 
of Ψpd was also observed in other Eucalyptus species follow-
ing drought spells (Warren et al. 2011, 2012). However, it 
is worth noticing that despite regaining its pre-stress water 
potentials, E. torquata did not fully restore its Pn even after 
30 days of re-watering; whereas, E. camaldulensis displayed 
Pn rates comparable to those measured prior to imposing 
water deficit. These results concord with those reported 
in E. argophloia and in Eucalyptuses clones (E. grandis × 
E. nurophylla) plants which recovered their gas exchange 
activity after interrupting the dry phase (Ngugi et al. 2004; 
Eksteen et al. 2013). The difference in the ability of E. cama-
ldulensis and E. torquata to restore photosynthetic activity 
after a drought period was not stomata dependent, because 
both species regained totally their pre-stress stomatal con-
ductance. In addition, both accomplished a complete resto-
ration of all measured fluorescence variables after 30 days 
of re-watering meaning that the structural and functional 
integrity of thylakoid membranes and chlorophyll antenna 
of the leaves were fully restored. Thus, the difference in 
photosynthesis resilience between the two species may be 
related to differences in the ability to maintain and recover 
mesophyll cell turgor. E. camaldulensis was more effective 
in maintaining positive cell turgor than E. torquata. Fur-
thermore, because recovery of photosynthetic capacity after 
drought dependents on the plant’s ability to restore xylem 

function (Martorell et al. 2013), the first species restored 
more effectively its water status and leaf turgidity. After 
resuming irrigation, E. camaldulensis quickly regained its 
pre-stress xylem conductivity level, whereas E. torquata 
accomplished only partial recovery. In E. pauciflora, stem 
hydraulic conductance was recovered to control levels within 
6 days after re-watering following severe water deficit sug-
gesting an active mechanism of embolism repair (Martorell 
et al. 2013). However, in E. piperita, post-drought embolism 
refilling was minimal or absent (Li et al. 2018). It is evident 
that in the Eucalyptus genus, there is an inter-specific vari-
ability in the plant’s capacity to recover its xylem function 
after drought-induced embolism. The refilling of embolized 
xylem conduits can be realized by osmotic attractive force 
on water molecules; this is possible through the secretion 
of soluble solutes by the living parenchyma cells into the 
xylem conduits (Bucci et al. 2003; Nardini et al. 2011; Per-
rone et al. 2012). These solutes include inorganic ions and 
organic molecules, such as sugars (Tyree et al. 1999; Ameg-
lio et al. 2004; Salleo et al. 2004). Refilling of embolized 
xylem is most certainly an active mechanism with high 
nutritive and energy cost.

Mediterranean arid climate (as is the case in southern 
Tunisia) is characterized by severe and long drought epi-
sodes followed by torrential rain. Afforestation projects in 
such habitat must take into consideration this climate speci-
ficity. To colonize such ecosystems, Eucalyptus species have 
to possess an integrative suitable response to drought which 
enables a rapid and efficient recovery when water becomes 
available. The response may include physiological, biochem-
ical and hydraulic mechanisms. In the present study, the bio-
chemical behavior during dehydration–rehydration phases 
appears to be more suitable in E. camaldulensis. In fact, 
when moisture was deficient, this species spent more energy 
accumulating osmotically actives compounds to withstand 
water stress. When favorable water conditions were restored, 
it reduced osmotica content in its leaves to save energy and 
carbon for growth and development. In addition, its ability to 
quickly restore full xylem conductivity is a critical survival 
character.

Conclusions

A significant difference between E. camaldulensis and E. 
torquata concerning their response to drought stress was 
established. E. camaldulensis demonstrated a better capac-
ity to maintain its water status, photosynthetic activity and 
xylem conductance during drought than E. torquata. It was 
more resilient during the desiccation period and more capa-
ble of recovering after returning to favourable moisture con-
ditions than E. torquata. The fitness of E. camaldulensis 
may be related, at least partially, to its significant resilience 
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to xylem embolism and its capacity to osmotically adjust to 
the drying soil by accumulating sugars and cyclitolsin its 
leaves during moderate and severe dehydration. These com-
patible solutes may be involved in osmoregulation as well as 
in osmoprotection of macromolecules and membranes. They 
may also contribute to in the resistance to xylem embolism 
and facilitate the refilling of embolized xylem vessels upon 
restoring irrigation. It appears that variability in the resil-
ience to xylem embolism and the capacity to accumulate 
sugars and cyclitols between the two studied Eucalyptuses 
may be key factors responsible for their distinctive response 
to drought. Therefore, resilience to xylem embolism and 
osmotic adjustment by accumulating cyclitols may be reli-
able criteria for the selection of drought-resilient Eucalyp-
tus genotypes. These findings will need to be confirmed by 
generalizing the study to other Eucalyptus species using 
field-grown trees. Furthermore, as both studied Eucalyp-
tus species are not native to the area, other factors such as 
the potential of becoming invasive, competition with native 
flora, consumption of soil nutrient and ground water reserves 
and inflammability should be given due consideration before 
proceeding to large scale planting.
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